Species ofcoryneform bacteria (Corynebacterium glutamicum, Brevibacterium flavum, and B. ammoniagenes) are capable of transaminating all three of the aromatic pathway intermediates: prephenate, phenylpyruvate, and 4-hydroxyphenylpyruvate. Two molecular species of aromatic aminotransferase (denoted aminotransferase I and aminotransferase II) were partially purified from C. glutamicum and B. flavum, whereas a single aromatic aminotransferase was isolated from B. ammoniagenes. In both C. glutamicum and B. flavum, aromatic aminotransferase I and aromatic aminotransferase II have molecular weights of about 155,000 and 260,000, respectively. The two aromatic aminotransferases from C. glutamicum and B. flavum, although exhibiting a similar spectrum of overlapping specificities, differ substantially in substrate preference. Pyridoxal-5'-phosphate is tightly associated with these aminotransferases, since little loss of activity was detected when partially purified enzyme preparations were assayed in the absence of exogenous pyridoxal-5'-phosphate. The aminotransferases are quite sensitive to inhibition by phenylhydrazine. This has practical application when assay of prephenate dehydratase is desired in the presence of aromatic aminotransferase activity since potentially trivial interference can be negated by selective phenylhydrazine inhibition of aromatic aminotransferase activity. At 0.1 mM concentrations of phenylhydrazine, 90% inhibitions of aminotransferase activities were achieved in partially purified preparations of B. flavum and C. glutamicum.
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An overall pattern of aromatic biosynthesis whereby the pretyrosine branchlet to L-tyrosine and the phenylpyruvate branchlet to L-phenylalanine is employed has now been documented in cyanobacteria (10, 21) , the yeast Hansenula henricii (2) , and coryneform species of bacteria (6) . Since pretyrosine may also serve as a precursor of L-phenylalanine in other organisms, e.g., Pseudomonas aeruginosa (17, 18) , the transamination of prephenate to form pretyrosine may be an essential enzymatic reaction for biosynthesis of one or both of these aromatic aminotransferases in nature. The biochemical alternatives for tyrosine and phenylalanine biosynthesis are illustrated in Fig. 1 . Transamination of prephenate has been studied in plants (J. L. Rubin and R. A. Jensen, Plant Physiol., in press) as well as in a growing list of microorganisms (2, 10, 17, 18, 21, 22) .
Aminotransferases may possess sufficient specificity to confine function to a particular biochemical pathway (as with biotin synthesis). On the other hand, an enormous breadth of aminotransferase specificity may provide functional overlap of otherwise distinct biochemical pathways (7) . A single aromatic aminotransferase has been partially purified and characterized from Escherichia coli (5, 7, 13, 19, 21) . Two species of aromatic aminotransferase were identified in two species of cyanobacteria (E. DeFuria, unpublished data), in Bacillus subtilis (16) , and in mung beans (20) , whereas four species of aromatic aminotransferase were described in P. aeruginosa (17, 18 [2] , and 4-hydroxyphenylpyruvate reaction [3] are highlighted by representation as bold arrows. All reactions shown are simultaneously present in P. aeruginosa, but the reactions represented by dotted arrows (prephenate dehydrogenase [5] and pretyrosine dehydratase [6] ) are absent in coryneform microorganisms. Reaction [4] isprephenate dehydratase and reaction [7] is pretyrosine dehydrogenase.
substrates is denoted as an aromatic aminotransferase even though prephenate (and pretyrosine) are not aromatic structures.
MATERIALS AND METHODS
Microbial strains. Lyophile stocks of B. flavum (ATCC 14067), B. ammoniagenes (ATCC 6872), B. ammoniagenespheAl (ATCC 19351), and C. glutamicum (ATCC 13032) were obtained from the American Type Culture Collection (Rockville, Md.). B. flavum pheA5 (a prephenate dehydratase-deficient phenylalanine auxotroph) and B. flavum tyrB2 (a pretyrosine dehydrogenase-deficient tyrosine auxotroph) were isolated as mutant derivatives of B. flavum (ATCC 14067) (6).
Nutritional procedures. Cells were cultured in a defined mineral salts medium containing 3.6% glucose (carbon source) and 1% urea (nitrogen source) as detailed previously (6) . Tryptic soy broth was used for complete medium. Solid media were solidified with 1.5% (wt/vol) agar (Difco). Liquid cultures were aerated by gyratory action of a New Brunswick shaker at 175 rpm. The temperature during growth was maintained at 32°C.
Growth rates were determined in the following manner. Wild-type or mutant populations were grown at 32°C to the late exponential phase of growth in minimal glucose medium supplemented with 50 jg of any amino acids appropriate to the nutritional requirements of auxotrophic mutants per ml. A 0.1-ml portion of this culture was the inoculum for 10 Enzyme preparations. Cell-free extracts were prepared by sonic disruption of cell pellets resuspended in 50 mM tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer (pH 7.5), as previously described (6) . Rigorously dialyzed preparations are denoted as crude extract. All subsequent steps of enzyme purification were carried out at 4°C by using the following order of procedural steps for fractionation.
An amount of crude extract equivalent to 100 ILg of protein was applied to a column (25 by 1.5 cm) of diethylaminoethyl (DEAE)-cellulose equilibrated with 50 mM Tris-hydrochloride (pH 7.5). After washing with 100 ml of buffer, an elution profile was developed with 300 ml of NaCl, applied as a linear concentration gradient between 0.1 and 1.0 M. Fractions of 2.2-mil volume were collected.
Fractions corresponding to the peak area of a given enzyme were combined and concentrated to 5 ml by passage through an Amicon PM 10 membrane. The protein concentrate was applied to a Bio-Gel hydroxylapatite (Bio-Rad) column (20 by 1.5 cm) that was previously equilibrated with 10 mM phosphate buffer (pH 7.03). After washing with 100 ml of the potasAium phosphate buffer, protein was eluted from the column in 300 ml of a linear gradient (between 10 The factors of enzyme purification given are undoubtedly underestimates because the activities cited for crude extracts are the combined activities of species aminotransferase I (AT-I) and aminotransferase II (AT-II), these aminotransferases exhibiting substantial overlap in substrate specificity.
Analytical procedures. Aminotransferase activities were assayed by an isotopic labeling procedure (15) employing "4C-labeled amino acid substrates and measuring "C-labeled keto acid product. Reaction mixtures (100 pi) contained 50 mM Tris-hydrochloride (pH 7.5), 0.25 mM pyridoxal-5'-phosphate, 0.125 ACi of 1 mM L-"C-labeled amino acid, 5 mM keto acid, 25 j,g of bovine serum albumin, and enzyme. After incubation at 370C for 20 min, the reaction was stopped by addition of 1 N HCO. The radioactive keto acid product was extracted into 1 Pretyrosine concentrations were estimated by a dansylation procedure (J. Bowen et al., manuscript in preparation). Dansylated pretyrosine was converted nonenzymatically at acidic pH to dansyl-phenylalanine, and its fluorescence was measured using an Aminco Bowman spectrophotofluorometer. The concentration of acid-converted dansyl-pretyrosine (dansyl-phenylalanine) was determined from a dansylphenylalanine standard curve. The pretyrosine preparations used were contaminated with shikimate, J. BACTERIOL. phenylalanine (20%), and several unidentified compounds detected by high-pressure liquid chromatography.
Molecular weight estimation by gel filtration. Molecular weights were estimated by the method of Andrews (1) (11) .
RESULTS
Purification of aromatic aminotransferases. In both C. glutamicum and B. flavum two molecular species of aromatic aminotransferase active with prephenate, phenylpyruvate, and 4-hydroxyphenylpyruvate were separated when crude extracts were fractionated on a DEAEcellulose column. Figure 2 illustrates the elution profile obtained for C. glutamicum. The leading DEAE-cellulose peak which eluted at 0.36 M NaCl is designated AT-I, whereas the second peak, which eluted at 0.56 M NaCl is designated AT-II. In Fig. 2 the leading peak of activity (shaded area) was pooled and concentrated, as was described in Materials and Methods, and applied on a hydroxylapatite column to determine whether additional aminotransferase activities might be resolved. A single aminotransferase activity was recovered. Similar results were obtained for the second peak of activity (AT-II). To further purify each aminotransferase, active fractions of each from hydroxylapatite columns were pooled and separately applied to a Sephadex G-200 column. B. flavum differed from C. glutamicum in its relatively low (about 10-fold lower) specific activity for AT-I ferase was also 260,000. (Tables 1 and 2 ), in addition to reacting with ATn Elphenylpyruvate and 4-hydroxyphenylpyruvate, |ATN ILalso reacted with branched-chain keto acids. 
G. 2. Separation of aromatic aminotransferases
Although the aromatic aminotransferases . glutamicum. Crude extracts were chromato-showed overlapping specificities, they exhibited hed over DEAE-cellulose as described in Mate-substantial differences in their relative utilizaand Methods. Two different species of prephop tion of amino-keto acids that were tested. When -glutamate and aminotransferase were sepa-prephenate was the keto acceptor, glutamate i and designated as AT-I and AT-II. In the top pred as the keto donor. glutamate Is, fractions corresponding to AT-I (shaded served as the best amino donor. Species AT-I were concentrated and further fractionated (Table 1) was also very active on the substrate hydroxylapatite. Fractions possessing amino-combination of phenylpyruvate-leucine. In consferase activity (upper middle panel) were con-trast, species AT-I ( Table 2) reacted best with prephenate as the keto acceptor. The specific activity of the glutamate-preapare footnotes of Tables 1 and 2 ). In B. phenate pair was about fourfold higher than the zoniagenes, in contrast to the other two glutamate-phenylpyruvate or glutamate-4-hyies of corynefonn bacteria, only one aro-droxyphenylpyruvate pairs in C. glutamicum. ic aminotransferase which eluted at 0.54 M The phenomenon is more dramatic in B. flavum 1 was isolated (apparently most like species where the specific activity of the glutamate-pre-[I) when crude extracts were chromato-phenate pair is about 15-fold higher than the hed over DEAE-cellulose. When active glutamate-phenylpyruvate combination. GenerkE-cellulose fractions were pooled, concen-ally, the relative activities seen with various ed, and rechromatographed on hydroxylap-substrate combinations varied in parallel com-, a single peak of activity was again re-paring C. glutamicum and B. flavum enzymes.
red.
An exception was any combination with oxaliolecular weights. Molecular weights were oacetate (Tables 1 through 3) or aspartate (data rmined as described in Materials and Meth-not shown). AT-I from C. glutamicum and B. flavum Effect of pyridoxal-5'-phosphate and caressed similar molecular weights, 160,000 and bonyl reagents. Pyridoxal-5'-phosphate ap-000, respectively, whereas AT-II was identi-pears to be tightly bound since the activity of in both species, 260,000. The molecular partially purified preparations (DEAE-cellu- a Enzyme activities are expressed as relative numbers where a value of 100 for C. glutamicum (Cg, left columns) corresponds to a specific activity of 44.0 nmol/min per mg of protein and a value of 100 for B. flavum (Bf, right columns) corresponds to a specific activity of 3.6 nmol/min per mg of protein. Assay techniques and conditions are specified in Materials and Methods. The purity and yield of C. glutamicum AT-I (from hydroxylapatite step of purification) were 81-fold and 52%, respectively. Purity and yield of B. flavum AT-I were 69-fold and 60%, respectively. 30% in the absence of pyridoxal-5'-phosphate.
Under standard assay conditions, phenylhydrazine inhibited each of the aminotransferases studied in both crude and partially purified enzyme preparations. At 0.1 mM concentrations of phenylhydrazine, 90 to 95% of aminotransferase activities were inhibited in all three species of the coryneform bacteria under study. This is exemplified by the data given in Fig. 3 . The selective inhibition of aminotransferase activity is useful when it is desirable to assay prephenate dehydratase, an enzyme requiring L-tyrosine as an activator ligand (6) . Since prephenate dehydratase copurifies with AT-II (which does not require added pyridoxal-5'-phosphate), both reactions will occur in the presence of prephenate and L-tyrosine. On the other hand, the presence of prephenate dehydratase in partially purified preparations does not complicate aminotransferase assays as long as L-tyrosine is absent.
Growth response of tyrosine-and phenylalanine-requfring mutants in the presence of 4-hydroxyphenylpyruvate or phenylpyruvate. B. flavum tyrB2 (6) and B. flavum pheA5 (6) cells were grown in the presence of 50-,ug/ml concentrations of 4-hydroxyphenylpyruvate and phenylpyruvate, respectively, as described in the legend of Fig. 4 . tyrB2 cells lacking pretyrosine dehydrogenase were capable of growing at the wild-type rate when either L- Fig. 4 . However, mutant pheA5 (lacking prephenate dehydratase) did not achieve the wild-type rate of growth in the presence of phenylpyruvate. DISCUSSION Prephenate aminotransferase. The transamination reaction whereby prephenate is converted to pretyrosine was first reported (21) in 1974. This reaction is significant in vivo with organisms that employ either the pretyrosine branchlet of L-tyrosine biosynthesis or the pretyrosine branchlet of L-phenylalanine biosynthesis. The fractional flow of intermediates through pretyrosine on the way to L-phenylalanine and to L-tyrosine biosynthesis in an organism such as P. aeruginosa (17, 18) is unknown because of the complication of multiple pathways existing to each end product. In P. aeruginosa four aminotransferases were resolved, each capable of functioning in vitro as prephenate aminotransferase (18) . In mung bean a similar duality of pathways to L-tyrosine complicates assessment of the fractional contribution of prephenate aminotransferase to L-tyrosine biosynthesis (20) . At the other extreme (11) N. crassa cannot convert pretyrosine to either L-phenylalanine (i.e., lacks pretyrosine dehydratase) or L-tyrosine (i.e., lacks pretyrosine dehydrogenase). Nevertheless, auxotrophic mutants which accumulate abnormally high intracellular concentrations of prephenate trasaminate a fraction of this to pretyrosine, a dead-end metabolite for this organism (11) .
The in vivo role of prephenate aminotrans- The enzyme was incubated with phenylhydrazine for 10 min. Then 1.0 mM prephenate and 0.25 mML -tyrosine were added to the reaction vessels, and incubation was continued for 10 min. The reaction was stopped by addition of 0.9 ml of 2.5 N NaOH, and phenylpyruvate was measured spectrophotometrically at 320 nm.
ferase is more easily deduced in organisms where pretyrosine is an obligatory precursor of end product. All species ofcyanobacteria studied (10, 21, 22) and the three species of corynebacteria (6) studied here synthesize L-tyrosine from pretyrosine. It is clear that the two aromatic pathway aminotransferase activities functioning in vivo with coryneform bacteria are phenylpyruvate aminotransferase (phenylalanine branchlet) and prephenate aminotransferase (tyrosine branchlet).
In vivo roles of aminotransferase multiplicity. The tendency of many aminotransferases to exhibit considerable ambiguity for substrates is well known (4, 6, 11 pathway may realize its in vitro potential to substitute in mutant strains for one or more other aminotransferases that mainly function in different pathways (7, 19) . Since in C. glutamicum and B. flavum there are two aminotransferases to correspond with two physiological aminotransferase reactions (prephenate aminotransferase and phenylpyruvate aminotransferase), it is tempting to consider the possibility of in vivo aminotransferase specialization for these two reactions. Aromatic AT-Il copurifies with prephenate dehydratase following DEAEcellulose, hydroxylapatite, and Sephadex G-200 fractionation steps. Since prephenate dehydratase forms phenylpyruvate, the possible proteinprotein association of prephenate dehydratase and aromatic AT-II would favor the spatial access of phenylpyruvate to the latter enzyme. However, several phenylalanine auxotrophs lacking prephenate dehydratase retained an unaltered aromatic AT-II. Furthermore, regulatory mutants derepressed for prephenate dehydratase possessed the same specific activity of aromatic AT-Il as wild type. Because the latter results with auxotrophic and regulatory mutants ruled out a multifunctional protein or an enzyme complex, any postulated protein-protein interactions must be fragile associations. Perhaps the inability of a phenylalanine auxotroph lacking prephenate dehydratase to sustain the wild-type rate of growth on phenylpyruvate reflects disruption of such a fragile association in vivo. It is intriguing that aromatic AT-II functions better with phenylpyruvate than with prephenate provided L-leucine is the amino donor reactant. However, the slow growth rate of the phenylalanine auxotroph on phenylpyruvate (curve d of Fig. 4) 
